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This document discussea prwedures  and teohniques f o r  re t r iev ing  payloads ' ' oat 
are i n e r t i a l l y  o r  l o c a l  ve r t i oa l / l oca l  horizontal  (LVLH) s t a b i l i z e d ,  Se lec t ion  
o f  the r e t r i e v a l  profile to be used depends on severe1 factors :  
a. Control au thor i ty  o f  the payload 
b. Payload s e n s i t i v i t y  t o  primary react ion c o n t m l  system (PRCS) p l u i i s  
c .  Whether the payload is i n e r t i a l l y  o r  LVLH s t ab i l i zed  
d. Location of the grapple f u t u r e  
e. Orbi ter  propel lant  consumption 
The f o l l  w i n g  geneml  r e t r i e v a l  pro f i l e s  are recommended: 
a. V-bar appmach for  payloads t ha t  a r e  LVLH o r  gravity-gradient s t ab i l i zed  
b. V-bar approach with one- or  two-phase flyaround f o r  i n e r t i a l l y  s t a b i l i z e d  
payloads 
Once the  general  type of p r o f i l e  has been se lec ted ,  t he  de ta i led  r e t r i e v a l  pro- 
f i l e  and timeline should consider the var ious guidel ines ,  groundrules, and con- 
s t m i n t s  associated with a pa r t i cu l a r  payload o r  f l i g h t .  
Reaction cont ro l  system (RCS) propel lant  requirements f o r  the reconmended pro- 
f i l e s  range f mm 200 t o  1500 pounds, depending on such f a c t o r s  as braking 
techniques, flyaround maneuvers ( i f  necessary),  and stationkeeping operat ions.  
The time required t o  perform a r e t r i e v a l  ( s t a r t i n g  from 1000 f e e t )  v a r i e s  
from 20 t o  130 minutes, depending on the complexity o f  the  p ro f i l e .  
The goals  of t h i s  p ro jec t  a r e  to develop a p r o f i l e  which ensures mission suc- 
cess;  t o  make the r e t r i e v a l  p ro f i l e s  simple; and t o  keep the p i l o t  workload t o  
a minimum by making use of the automatic f ea tu re s  of the  Orbi te r  f l i g h I  software 
whenever possible .  
2.0 INTRODUCTION 
Ove? the pas t  few years,  r e t r i e v a l  operations have been studied i n  d e t a i l  f o r  
several  spec i f i c  payloads: multimission modular spacecmf t / so l a r  maximum m i s -  
s ion (MMS/SMM), long duration exposure fa .o i l i ty  (LDEF) , SPAS-01 , s t ab i l i zed  t e l e -  
visiorr camera (STV), Skylab, and te leopera tor  r e t r i e v a l  system (TRS) ( f i g .  1 and 
2 ) .  These s tud ies  have involved d i f f e m n t  r e t r i e v a l  techniques and operat onal  
procedures. A s  a r e su l t ,  several  things have been learned about r e t r i e v a l s .  
This document contains a sumary  of  the r e t r i e v a l  analyses and simulations t h a t  
have been performed f o r  i n e r t i a l l y  and LVLH s t ab i l i zed  payloads. During 
r e t r i e v a l ,  the  remote manipulator system {RMS) is used i n  the f i n a l  s tages  f o r  
grappling and stowing. Because of the s i z e  and d i f f i c u l t y  i n  maneuvering the  
RMS, it is des i rab le  t o  achieve a f i n a l  payload/Orbiter r e l a t i v e  configurat ion,  
bhich minimizes the REIS maneuvering required p r i o r  t o  capture.  This o l r ce s  a 
p rac t i ca l  limit on the acceptable payload/Orbiter configurat ions and, theref  o re ,  
the mar, des i r ab l e  f i n a l  r e l a t i v e  or ien ta t ions  must be defined. Figure 3 shows 
the desired configuration f o r  the s o l a r  maximum miasioa observatory ( re f .  1) .  Be- 
cause it is easier and s a f e r  t o  aanipulate  the RHS than t o  maneuver the Orbi te r  
when i n  c lose  proximity (30 to 50 f e e t )  to the payload, the f i n a l  approach pro- 
f i le  (from 1000 feet to grapple range) is designed s o  t h a t  on completion, the 
Orbi ter  w i l l  be in an acoeptable pos i t ion /or ien ta t ion  f o r  the grappl ing opera- 
t ion .  
2.1 PURPOSE 
One goal is t o  develop standard r e t r i e v a l  procedures so t ha t  p r e f l i gh t  crew 
t r a in ing  can be minimized. Because of the v a r i a b i l i t y  of payload s i z e  and 
shape, grapple f i x tu re  placement, and cont ro l  system type, it is impossible t o  
develop a s ing le  r e t r i eva l  p r o f i l e  t h a t  w i l l  always work. General p r o f i l e s  have 
been developed f o r  re t r iev ing  both i n e r t i a i l y  s t ab i l i zed  and LVLH s t ab i l i zed  
payloads. Minor p m f i l e  var ia t ions  w i l l  occur within the two types of r e t r i e v a l  
techniques, depending on payload-specific requirements. 
I n  the remainder of t h i s  sect ion,  proximity operat ions terms a r e  introduced and 
defined. Section 3.0 contains a descr ipt ion of the t oo l s  and techniques used t o  
perform the analyses, a discussion of the po t en t i a l  problems associated with d i f -  
fe ren t  types of payloads, a list of assumptions, and a descr ip t ion  of  the pro- 
files selected.  Simulation r e s u l t s  a r e  presented i n  sec t ion  4.0. Conclusions 
and reconnnendations a re  made i a  sec t ion  5.0, and references a r e  provided i n  sec- 
t i o n  6.0. 
2.2 PROXIMITY OPERATIONS TERMINOLOGY 
2.2.1 Proximity Operations 
Proximity operations o f f i c i a l l y  begin with the terminal phase maneuver (TPM); 
however, f o r  the  purpose of t h i s  document, proximity operat ions w i l l  r e f e r  
t o  those a c t i v i t i e s  occurring within 1000 feet of the payload. This includes 
a l l  pregrappling a c t i v i t i e s  such a s  stationkeeping and final approach. 
2.2.2 Local Vertical/Local Horizontal Coordinate System 
The LVLH system has its or ig in  a t  the vehicle center  of mass; ZLvLH lies along 
the geocentric radius  vector t o  th13 vehicle  pos i t ive  toward the cen te r  of the 
Earth,  XLVu is al ined with the veloci ty  vector,  and YLvLH completes the  r igh t -  
hand system (fig.  4 ) .  
2.2.3 Approach Techniques 
I n  t h i s  study th ree  b a s i c  O r b i t e r  approaches were analyzed. They a r e  R-bar, 
V-bar, and i n e r t i a l .  
For t h e  R-bar approach, t h e  O r b i t e r  approaches a long t h e  ZLVLH a x i s  o f  t h e  pay- 
load ( r a d i u s  vector) .  The primary advantage o f  t h i s  method is t h a t  "na tu ra l  
brakingn due to g r a v i t y  g r e a t l y  reduces t h e  amount o f  a c t i v e  braking ( u p f i r i n g  
PRCS j e t  a c t i v i t y )  necessary t o  n u l l  t h e  range rate between t h e  O r b i t e r  and pay- 
load.  However, some of the  p m p e l l a n t  savings from n a t u r a l  braking are o f f s e t  
by increased X jet f i r i n g s  t o  keep t h e  O r b i t e r  on t h e  Z L V L ~  axis. 
For t h e  V-bar approach, t h e  O r b i t e r  approaches a long t h e  X L ~ ~ H  a x i s  of t h e  pay- 
load ( v e l o c i t y  vec to r ) .  For t h i s  technicr,.?~, very 11 t t l e  prope l lan t  is mqui red  
t o  keep t h e  O r b i t e r  on the  X L v ~ ~  a x i s ;  however, s i n c e  t h e r e  is no "na tu ra l  
brakingn, considerable  a c t i v e  braking is required t o  n u l l  t h e  range rate between 
t h e  two vehic les .  Active braking r e s u l t s  i n  increased PRCS plume impingement on 
the  payload. 
For the  i n e r t i a l  approach, t h e  O r b i t e r  approaches t h e  payload along a vec to r  
f ixed i n  i n e r t i a l  space. Although t h i s  technique is c lea r -cu t ,  m i n t a i n i n g  a 
range versus range-rate schedule can be d i f f i c u l t  because of o r b i t a l  mechanics 
e f f e c t s .  
2.2.4 Braking Techniques 
The methods used t o  c o n t r o l  t h e  range r a t e  o f  t h e  O r b i t e r  with respec t  t o  t h e  
payload g r e a t l y  a f f e c t  the  amount o f  plume impingement imparted t o  t h e  payload. 
The two techniques considered,  normal-Z braking and low-Z braking,  are shown i n  
f i g u r e  5. 
For normal Z-braking, th ree  u p f i r i n g  PRCS jets (one forward and two a f t )  a r e  
f i r e d  simultaneously. The combined 2600 pounds-force t h m s t  r e s u l t s  i n  an accel-  
e r a t i o n  of about 0.4 fps2  f o r  a 200 000-pound Orb i te r .  This is t h e  f a s t e s t  and 
most e f f i c i e n t  way to n u l l  the  r e l a t i v e  rates, but a t  ranges less than 
500 f e e t ,  plume impingement on the  payload is a p o t e n t i a l  problem. 
For low-Z braking,  the  u p f i r i n g  Z j e t s  a r e  i n h i b i t e d ,  and braking comes from fir- 
ing four  X j e t s  (two forward and two a f t )  simultaneously.  Begause og can t ing  
and s c a r f i n g  e f f e c t s ,  these  X-jet t h m s t  vectors  are t i l t e d  8 t o  10 up from 
the  2 X  axes of the  Orb i te r .  This g ives  a t o t a l  t h r u s t  i n  t h e  Z d i r e c t i o n  of 
about 500 pounds-force, r e s u l t i n g  i n  ail acce le ra t ion  of 0.08 fps2 f o r  a 
ZOO 000-pourid Orbiter .  This is t h e  least e f f i c i e n t  braking technique i n  terms o f  
p rope l lan t  consumption, but it is needed f o r  payloads t h a t  have l i t t l e  c o n t r o l  
a u t h o r i t y  o r  t h a t  a r e  contamination s e n s i t i v e .  
2.2.5 Sun and Rol l  Angle8 
The Slu, angle  (6 angle)  is t h e  angle  between the  o r b i t a l  plane and the  Sun-line 
(from Sun t o  the  cen te r  o f  Ear th ) .  For nominal missions,  t h e  Sun angle  can 
mnge f r o m  I? = 0' &Sun i n  t h e  g r b i t a l  p lane)  t o  a maximuni of  0 = 52' 
( i n c l i n a t i o n  o f  28.5 , p l u s  23.5 angle  between t h e  e c l i p t i c  and e q u a t o r i a l  
p lanes ) .  The roll angle  is b e s t  i l l u s t r a t e d  with an example. S M  p o i n t s  its 
+X a x i s  a t  t h e  Sun and s i n c e  St44 has l imi ted  c o n t r o l  ( ref .  2 ) ,  it is f r e e  t o  ro- 
t a t e  about the  s o l a r  vec to r  (+X-axis). The ~ l l  angle  r e f e r s  t o  t h e  rotati-3 
about the  X a x i s  which, p r a c t i o a l l y  speaking,  w i l l  not  be known b u t  is u s e f u l  i n  
e s t a b l i s h i n g  flyaround procedures. 
2.2.6 Onorbit D i g i t a l  Autopi lo t  
The onorbi t  d i g i t a l  a u t o p i l o t  (DAP) commands t h e  RCS J e t  f i r i n g  a c t i v i t y  dur ing  
t h e  onorbi t  f l i g h t  phase. I n  the  manual DAP mode, t h e  system is dr iven  wi th  
r o t a t i o n a l  and t r a n s l a t i o n a l  hand c o n t r o l l e r  (THC) inpu t s .  The THC has  two 
modes of opera t ion:  a c c e l e r a t i o n  mode and pulse  mode. I n  t h e  automat ic  DAP 
mode, s e v e r a l  submodes are a v a i l a b l e ,  inc luding a t r a c k i n g  mode and an O r b i t e r  
a t t i tude-hold  opt ion.  I n  the  ana lyses  both  the  manual and automat ic  
c a p a b i l i t i e s  o f  the  DAP a r e  used. 
2.2.7 Universal  Po in t ing  Processor  
The u n i v e r s a l  po in t ing  processor (UPP) can be used t o  supply i n p u t s  t o  t h e  
onorbi t  DAP t o  p e r f o m  t h r e e  b a s i c  po in t ing  maneuvers. The t h r e e  a v a i l a b l e  op- 
t i o n s  a r e  LVLH hold ,  r o t a t i o n ,  and =euver. Under the  LVLH o p t i o n ,  t h e  s o f t -  
ware w i l l  comand a maneuver to p o i n t  R v e c t o r  f ixed  i n  O r b i t e r  body axes  a t  t h e  
c e n t e r  o f  the Ear th .  Under the  r o t a t i o n  op t ion ,  t h e  Gi-biter is r o t a t e d  a t  a con- 
s t a n t  r a t e  about a vec to r  f ixed i n  O r b i t e r  body axes  and i n  i n e r t i a l  space .  
Under the  maneuver opt ion the  O r b i t e r  maneuvers t o  a s p e c i f i e d  a t t i t u d e .  I n  
these  analyses  a l l  th ree  opt ions  are used. 
3.0 DISCUSSION 
This  s e c t i o n  conta ins  a d e t a i l e d  d i scuss ion  of  the  r e t r i e v a l  s t u d i e s ,  inc lud ing  
a list of  assumptions and p o t e n t i a l  problems and an exp lana t ion  o f  t h e  p r o f i l e s .  
The sec t ion  a l s o  desc r ibes  the  t o o l s  and techniques used i n  des igning t h e  
p r o f i l e s .  
3.1 ASSUMPTIONS AND POTENTIAL PROBLEMS 
I n  developing p r o f i l e s ,  the  fo l lowing assumptions we1 lade. 
a. Pay1 oads do not have t r a n s l a t i o n a l  c a p a b i l i t i e s  
b. F u l l  O r b i t e r  DAP and UPP c a p a b i l i t i e s  w i l l  be a v a i l a b l e  f o r  r e t r i e v i n g  
payloads 
c. qX-braking w i l l  be a v a i l a b l e  
d. Ground comunica t ions  c o n s t r a i n t s  can be met by going t o  t h e  most s t a b l e  o r i -  
e n t a t i o n  and wai t ing f o r  proper  gmund coverage 
e .  Grapple f i x t u r e  (GF) l o c a t i o n  v a r i e s  ccns ide rab ly  f r o m  payload t o  payload a s  
a func t ion  o f  size, shape, and o o n t m l  system. (F igures  1 and 2 show sev- 
eral d i f f e r e n t  payloads and OF l o o a t i o n s )  
P o t e n t i a l  problems t h a t  may r e s u l t  i n  violating a payload o o n a t r a i n t  dur ing  
r e t r i e v a l  are as follows: 
a.  Dis turbing the payload a t t i t u d e  with plume impingement 
b. Contaminating s e n s i t i v e  payload su r faces  
P o t e n t i a l  problems a i c h  may complicate t h e  r e t r i e v a l  opera t ion  am as follows: 
a .  Res t r i c t ed  access  t o  the  GF because o f  its l o c a t i o n  o r  o b s t r u c t i o n  by pay- 
load s t r u c t u r e s  (e .g . ,  on SMM the  s o l a r  pane l s  severe ly  r e s t r i c t  access  t o  
t h e  GF) 
b. R e t r i e v a l  o f  payloads t h a t  a n  rate-damped about t h e i r  a x i s  of  symmetry. 
(This  r e s u l t s  i n  uncer ta in ty  about t h e  roll a x i s . )  
c .  The e f f e c t s  of o r b i t a l  mechanics t h a t  may cause t h e  O r b i t e r  t o  a c c e l e r a t e  to-  
wards o r  away f r o m  the  payload, r e s u l t i n g  i n  increased jet a c t i v i t y  
d.  Payloads with l a r g e  s o l a r  panels  (such a s  SMM and THS) t h a t  may enhance t h e  
e f f e c t s  of  plume dis turbance 
e. Large g r a v i t y  g r a d i e n t  s t a b i l i z e d  payloads (such a s  LDEF and Space 
Telescope) whose c o n t r o l  systems a r e  extremely plume s e n s i t i v e  
A: l  of the  f a c t o r s  l i s t e d  above ' ~ v e  been considered i n  developing t h e  propoqcd 
p r o f i l e s .  Other f a c t o r s  such a s  p i l o t  workload (demands made on t h e  p i l o t ,  a s -  
s ion  s p e c i a l i s t ,  and RMS opera to r )  and p r o p e l l a n t  consumption must be taken i n t o  
cons ide ra t ion .  The g o a l  has  been t o  develop p r o f i l e s  t h a t  minimize the  adverse  
e f f e c t  of the p o t e n t i a l  problems, make realistic demands on t h e  crew, and o p t i -  
mize p r o p e l l a n t  consumption. 
3.2 METHOWLOGY 
The t o o l s  and techniques used i n  the  r e t r i e v a l  s tudy a r e  d iscussed i n  t h e  next  
few paragraphs. The O r b i t e r  mass p r o p e r t i e s  used are given i n  t a b l e  I. 
Although tile s tandard o r b i t  has  an i n c l i n a t i o n  of  28.5', s e v e r a l  o t h e r  ang les  
were used as wel l ,  Also, t h e  s imulat ions  were run f o r  var ious  b e t a  angles .  A l l  
of the s imulat ions  began a t  a range of  1000 f e e t  and ended a t  a range of 30 t o  
40 f e e t .  
The b a s i c  t o o l  is t h e  proximity operations/plume impingement s imulat ion (POPIS), 
t h a t  i n t e g r a t e s  the  plume impingement and paper-pi lo t  models with the  space ve- 
h i c l e  dynamics s imulat ion (SVDS) program ( r e f .  3). This t o o l  g i v e s  a 
two-vehicle, twelve-degree-r ,'-freedom d i g i t a l  s imulat ion of  onorb i t  proximity 
opera t ions .  (For a d e t a i l e d  explanat ion of  the  t o o l s  and c a p a b i l i t i e s  s e e  
m f e r e n c e  4) .  The primary purpose o f  t h e s e  s imula t ions  is t o  genera te  payload 
d i s tu rbance  data  ( f o r c e s  and torques)  and O r b i t e r  PRCS p r o p e l l a n t  consumption 
d a t a  t h a t  a r e  used i n  a s s e s s i w  t h e  f e a s i b i l i t y  o f  the proximity opera t ions  seg- 
ment of the  a i s s i o n .  
The b a s i c  l o g i c  f o r  the  paper p i l o t  models Is shown i n  figure 6. This  l o g i c  is 
ussa  f o r  a l l  approsoh t y p e s  (R-bar, V-bar, i n e r t i a l )  d iscussed e a r l i e r .  The 
cross-axis  l o g i c  w i l l  ksop the  payload centered i n  t h e  crew o p t i c a l  a l i n e m n t  
s i g h t  (COAS) f i e l d  of  view, m i l e  t h e  approach-axis l o g i c  w i l l  keep t h e  O r b i t e r  
moving away from o r  t o w a d s  the payload at t h e  des i red  r a t e .  The des i red  r a t e s  
a r e  inpu t  by the  user*, as a r e  the  l i m i t s  o f  the  WAS f i e l d  of view and t h e  
f requencies  a t  which each type ox l o g i c  is executed. 
3.3 CANDIDATE FINAL APPROACH PROFILES 
The va r ious  types of p r o f i l e s  can be divided i n t o  two ca tegor ies :  in-plane and 
out-of-plane p r o f i l e s .  These two types  d i f f e r  only i n  how t h e  GF of a payload 
is v i s u a l . 1 ~  acquired when the  O r b i t e r  is about 200 f e e t  from t h e  payload. To 
f l y  an in-plane p r o f i l e ,  t h e  O r t i t e r  s t a y s  i n  the  o r b i t a l  p lane  and "waitsw f o r  
t h e  payload t o  r o t a t e  u n t i l  the  GF is i n  view. For an out-of-plane p r o f i l e ,  the  
O r b i t e r  f l i e s  out  of the  o r b i t a l  plane and " f indsw :he GF. 
Figure  7 shows f i v e  in-plane candidate  g r o f i l e s  i n  a t a r g e t  centered LVLH coordi-  
nate  system. Because the  LVLH system r o t a t e s  a t  orb  r a t e ,  i n e r t i a l  approaches 
(which would appear a s  s t r a i g h t  l i n e s  i n  an i n e r t i a l  frame) appear  a s  curved 
l i n e s .  These p r o f i l e s  a r e  d iscussed i n  more d e t a i l  i n  r e c t i o n  3.3.1.  
Figure  8 shows the  b a s i c  out-of-plane cand ida t s  p r o f i l e  a s  seen i n  t h e  X-Y 
p l i n e  of the  target -centered LVLH frame. A z e r o  beta ang le  is used i n  o rde r  t o  
s impl i fy  che drawing. (For nonzero b e t a ,  the  view i n  f i g u r e  8 would be of  the  
plane perpendicula? t o  the  s u n l i n e ) .  The p r o f i l e s  simulated d i f f e r  i n  :qhether 
they a r e  performed i n  one o r  kdo phases,  whjch depends upon how much is i n i -  
t i a l l y  known about the  payload roll a t t i c u d e  ( t h e  d e t a i l s  w i l l  be d iscussed i n  
s e c t i o n  3 .2 .2 ) .  Some work was done on R-bar/out-of-plane approaches,  and al- 
though they a r e  s t r a igh t fo rward  f o r  amall b e t a  ang les ,  t h e  V-bar/out-of-plane 
p r o f i l e s  a r e  b e t t e r  i n  t h i s  p a r t i c u l a r  case .  I n  genera l ,  in-plane approaches 
a r e  recommended f o r  LVLii s t a b i l i z e d  payloads, and out-of-plane approaches 
a r e  recommended f o r  i n e r t i a l l y  stabilized payloads. 
3.3.1 In-Plane P r o f i l e  
3.3.1.1 GF V i s i b l e  
For an LVLH s t a b i l i z e d  payload, the  f i r s t  phase of  an in-plane p r o f i l e  is t o  ap- 
proach from 1000 f e e t  with the  O r b i t e r  i n  LVLH ho ld ,  s topping a t  a range of  
about LOO f e e t  from t h e  payload. I f  the  GF is i n  s i g h t  and t h e  payload is favor-  
a b l y  o r i en ted  with r e s p e c t  t o  the  O r b i t e r ,  t h e  p i l o t  would continue t h e  approach 
a long  the  l ine-of-s ight  vec to r  t o  the  GF. Thus, t h e  final 200 f e e t  would be 
flown a s  an LVLH approach i n  t h e  X-Z LVLH plane ( p r o f i l e  1 of  f i g .  7 ) .  For an 
i n e r t i a l l y  s t a b i l i z e d  paylaad,  the  f i r s t  phase would be t h e  sam, and a t  200 
f e e t  t h e  O r b i t e r  would go i n t o  an i n e r t i a l  hold i f  the  OF was i n  view and favor-  
ably  o r i en ted  i p r o f i l e  2 ,  f i g .  7 ) .  
3.3.1.2 GF Not V i s i b l e  
For an i n e r t i a l l y  s t a b i l i z e d  payload, on reaching 200 f e e t ,  i f  t h e  GF is not  i n  
s i g h t  o r  i f  the  payload/Orbiter  al inement is not c o r r e c t  f o r  g rapp l ing ,  it may 
be p o s s i b l e  f o r  the  O r b i t e r  to  s t a t i o n k w p  and wait u n t i l  cond i t ions  a r e  favor- 
a b l e  f o r  beginning t h e  f i n a l  approach. Th i s  technique can work because t h e  
O r b i t e r  is i n  LVLH hold and the  payload is i n  an i n e r t i a l  hold ,  r o t a t i n g  r e l a -  
t i v e  t o  the  LVLH frame. I f  the  O r b i t e r  could s t a t ionkeep  and wait "long enough" 
(given the  time and prope l l an t  c o n s t r a i ~ t s )  , the  GF may r o t a t e  around and come 
i n t o  view. A t  t h i s  p o i n t ,  the a i lo t ;  would swi tch  t o  i n e r t i a l  hold and cont inue 
the  approach along the  l ine-of-s ight  v e c t o r  t o  the  payload. The problem with 
t h i s  method is t h a t  it is d i f f i c u l t  t o  know how long it w i l l  t ake  f o r  t h e  GF t o  
come i n t o  view; indeed,  f o r  some o r i e n t a t i o n s  it w i l l  never come i n t o  view. For 
t h i s  reason, in-plane approaches a r e  not  genera l ly  recommended f o r  r e t r i e v i n g  
i n e r t i a l l y  s t a b i l i z e d  payloads. 
For an LVLH s t a b i l i z e d  payload, the  p o s i t i o n  of the  GF i n  the  LVLH frame w i l . 1  be 
known. Furthermore, a t  200 f e e t  the  payload is no t  r o t a t i n g  r e l a t i v e  t o  the  
O r b i t e r  because both a m  LVLH s t a b i l i z e d .  Under these  cond i t ions ,  it is u s u a l l y  
p o s s i b l e  t o  perform a s impls  O r b i t e r  in-plane maneuver t h a t  w i l l  favorably  o r i -  
e n t  the  GF f o r  paylaad r e t r i e v a l .  For example, i f  the  GF is i n  the  o r b i t a l  
plane ( o r  c l o s e  t.o i t )  the  p i l o t  could swi tch  DAP modes and i n i t i a t e  a p i t c h  ma- 
neuver t o  f l y  around t h e  payload i n  t h e  o r b i t a l  plane u n t i l  the  GF is v i s i b l e  
( f i g .  9). 
I n  previous s imulat ions ,  in-plane p r o f i l e s  have always worked f o r  LVLH s t a b i -  
l i z e d  payloads. While in-plane techniques a r e  no t  completely s a t i s f a c t o r y  f o r  
i n e r t i a l l y  s t a b i l i z e d  payloada, the  fo l lowing methods r e s u l t  i n  a c l e z r  view o f  
the GF and p m p e r  a1.inement before moving from 200 t o  30 f e e t .  
3.3.2 Out-of-Plane P r o f i l e  
Out-of-plane techniques a r e  designed s p e c i f i c a l l y  f o r  ~ n e r t i a l l y  s t a b i l i z e d  
payloads. The inr*: ia l  and f i n a l  phases o f  t h e  approach p r o f i l e  a r e  i d e n t i c a l  t o  
the in-plane techniques.  That is, the  V-bar approach is s t a r t e d  i;t 1OOO f e e t  
and s t o p s  a t  200 f e e t ;  when t h e  two v e h i c l e s  a n  proper ly  a l i n e d  (GF i n  s i g h t ) ,  
the O r b i t e r  DAP is switched i n t o  i n e r t i a l  hold and the  approach cont inues  a long 
the  l ine-of-s ight  vec to r ,  s topping a t  30 fou t .  The d i f f e r e n c e s  a r e  i n  t h e  
methods uaed t o  a l i n e  the  two v e h i c l e s  and v i s u a l l y  acqu i re  the  GF. The tech- 
nique proposed i n  t h i s  document is s h m  i n  f i g u r e  10. 
The f i r s t  s t e p  occurs a t  200 f e e t  culd c o n s i s t s  o f  s l i n i n g  the  +X-axes of the  
Orbi te?  and payload so t h a t  they a m  p a r a l l e l .  Because t h e  b e t a  angle  w i l l  b e  
known at  the time of the  f l i g h t ,  t h i s  maneuver can be done au tomat ica l ly .  The 
DAPIUPP i n p u t s  can be e i t h e r  precomputed and s to red  o r  uplinked i n  r e a l  time so  
t h a t  they w i l l  be a v a i l a b l e  when needed. Because the  maneuver r a t e  is a l s o  a 
DAPIUPP inpu t ,  the  tiac it w i l l  t ake  to execute t h e  aaaaeuver w i l l  vary. 'he m- 
neuver bas been a h u l a t e d  at 0.2 t o  0.4 deg/sec, and it b k e s o 2  t o  3 minutes t o  
a l i n e  t h e  X-axes of the two veh ic les  f o r  a maximum be ta  of 52 . Alining is basi -  
c a l l y  a yaw-pitch maneuver f o r  t h e  Orb i te r ;  dur ing t h l a  operat ion t h e  p i l o t  
keeps the  p ~ y l o a d  centered in the COAS v i a  THC d e f l e c t i o n s  ( a l s o  simulated). 
After tbe X-axss am a l l n e d ,  t h e  p i l o t  i n i t i a t e s  t h e  second s t e p  by commanding 
a c o r ~ t a n t  rat6 (0.2 to  0.4 deg/sec) r o t a t i o n  maneuver about t h e  O r b i t e r  X-ax'.s. 
(Uhether a p o s i t i v e  or negat ive  rcll is required ia determined p r i o r  to t h e  
maneuver.) Once w a i n ,  t h i s  is an automatic maneuver t h a t  r e q u i r e s  t h a t  t h e  
pi2ot  switch DAP modes. Tha d i r e c t i o n  of t h e  O r b i t e r  X-axis w i l l  be he ld  f i x e d  
i n  inertial space,  keeping the payload and O r b i t e r  +X-axes p a r a l l e l .  As t h e  
Orb i te r  rolls, t h e  payload w i l l  tend to move ou t  of t h e  OOAS f i e l d  of view; t h e  
p i l o t  w i l l  command Y-axis t r m s l a t i o n s  to keep the payload centered in t h e  COAS. 
The ne t  r e s u l t  is an a t - o f - p l a n e  flyaround (fig. 11). 
A t  most, the  p i l o t  should hatre t o  f l y  around 180' t o  bri.!g t h e  GF i n t o  t h e  
des i red p c s i t i o n ,  which means t h a t  t h i s  could t ake  as long as 15 minutes. ?he 
alinement/flyaround phase could t ake  as long as 18 minutes. A s  5efore ,  the  
p i l o t  would then switch to i n e r t i a l  a t t i t u d e  hold and c m p l e t e  h i s  approach. 
I:' the  payload roll angle  is known, t h e  proper DAP/UPP inpu t s  can be made and 
the  two-step method described earlier can be accomplished in one s t e p  i n  no more 
t h a t  15 minutes. Ihe X-axes are not necessa r i ly  a l i n e d  at  t h e  s tart ,  but  t h e  
p i l o t  comnands a constant  rate r o t a t i o n  t h a t  terminates  with t h e  GF in s i g h t  and 
t h e  veh ic les  a l ined  ( f i g .  12) before  i n i t i a t i n g  t h e  f i n a l  approach. 
3.4. COMPARISONS 
The major advantage of out-of-plane flyaround techniques over the  in-plane tech- 
niques is t h a t  they work f o r  any be ta  o r  f o r  any r o l l  angle .  However, t h i s  is 
s i g n i f i c a n t  only uhen t h e  payload is i n e r t i a l l y  s t a b l e  o r  i f  it does n o t  have 
three-axis a t t i t u d e  con t ro l .  Because t h e r e  is no extended s ta t ionkeep ing  i n  t h e  
out-of-plane techniques,  t h e r e  could be a p r o p e l l a n t  savings  over the  in-plane 
methods. Both techniques a r e  s e ~ i a t a n a t i c  maneuvers (automatic a t t i t u d e  con- 
t r o l  and manual t r a c s l a t i o n ) .  The maneuver r a t e s  and times a r e  v a r i a b l e  f o r  a l l  
the  techniques.  Both r e l y  on o p t i c a l  ranging and both are performed at ranges  
of 200 f e e t  2 20 f e e t .  A l l  techniques have been simulated on d i g i t a l  computers; 
however, none have been analyzed in  man-in-loop simulations.  I n  genera l ,  t h e  
in-plane approach is recommended f o r  LVLH s t a b i l i z e d  payloads, and out-of-plane 
p r o f i l e s  a r e  recommended f o r  i n e r t i a l l y  s t a b i l i z e d  payloads. 
3.5 DAP/UPP INPUTS 
For completeness, the  onorbi t  DAP and UPP inpu t s  and loads  f o r  our recommended 
r e t r i e v a l  operat ions  a r e  given i n  t a b l e  11. The v a r i a b l e s  a r e  descr ibed below. 
a .  IUPP - f l a g  ind ica t ing  t h a t  a new un iversa l  po in t ing  processor op t ion  is  
going t o  be s e l e c t e d  
b. IUPO - rode select w i t c h  for t h e  m i v e r s a l  p o i n t i n g  processor 
c. IUO - submode s e l e c t o r  fw automatic made 
d .  B S V P  - p i t c h  coordinate o f  body vec to r  (for LVLH ar.d m t a t i o n  t a s k s )  
e. BODW - yaw coordinate o f  body vector  ( f o r  LVLH and r o t a t i o n  t a s k s )  
f . OHCRON - c o n s t r a i n t  ang le  about body v e c t o r  ( f o r  LVLH task) 
g. P W C  - desi red magnitude o f  d i s c r e t e  maneuver rate about e igenaxis  f o r  t h e  
AUTO-mVR-TRACK modulr 
h. ROTRA - desi red rate of r o t a t i o n  about bo<b lvector i n  r o t a t i o n  mode 
4 .O. SIMULATION RESULTS 
The r e s u l t s  are divided i n t o  two pcr t s :  inplane and out o f  plane. Generally 
speaking, it was found t h a t  t h e  0.2 t o  0.4 deg/sec maneuver rate was acceptable  
f o r  a l l  techniques requ i r ing  a flvaround and t h a t  plume iapingement d i s tu rbances  
a r e  acceptable  if t h e  lau-Z braking mode is used. Ihe s imulat ion t imes glven do 
not include a c t u a l  grappl ing o r  any time between phases (such as s ta t ionkeep ing  
while wai t ing f o r  t h e  GF t o  r o t a t e  i n t o  view;. 
4.1 IN-PLANE RESULlS 
A b l e  111 contains  propel lant  and impingement d a t a  for Sm r e t r i e v a l  analyses.  
Note t h a t  only low-Z braking r e s u l t s  in acceptable  impingement d i s tu rbances  
( inc lud ing  g r a v i t y  g rad ien t  torques)  and t h a t  both R-bar and V-bar approaches 
a r e  f e a s i b l e  in  t h e  low-Z mode. Sta t ionkeeping on V-bar expends less prope l lan t  
t b c  eta t ionkeeping on R-bar because less cross-axis  jet a c t i v i t y  is required 
to keep t h e  payload centered i n  t h e  COAS, again because of o r b i t a l  mechanics. 
However, s ince  t h e r e  is no "na tu ra l  brakingw on V-bar, a l l  t h e  delta-V used to 
approach t h e  payload must be taken o u t  by f i r i n g  j e t s  in t h e  d i r e c t i o n  of t h e  
Sm ( e i t h e r  +Z o r  2X). The +X jets provide about one-f i f th  as much braking 
a s  t h e  +Z jets s o  t h e  fX jets must be f i r e d  f iv?  times as long t o  n u l l  o u t  
the  same amount of delta-V, Ulus inc reas ing  p rope l lan t  requirements f o r  t h e  
low-Z approaches. The i n e r t i a l  f lyaround maneuvers r e q u i r e  about t h e  same 
amount oi prope l lan t  r egard less  of whether they are i n i t i a t e d  on R-bar o r  
V-bar. The complete R-bar p r o f i l e s  use about t h e  same amailrlt of p rope l lan t  
as t h  s complete V-bar p r o f i l e s  . Because t h e r e  are opera t iona l  advarrtages 
t o  V-bar approaches (easier f o r  p i l o t s  t o  f l y ) ,  t h e  V-bar p r o f i l e s  are p r e f e r r e d .  
I n e r t i a l  approaches i n i t i a t e d  a t  1000 feet r a t h e r  than 200 feet are s l i g h t l y  
mom expensive, more d i f f i c u l t ,  and not necessary.  Switching t o  an i n e r t i a l  ap- 
proach a t  200 feet does not  pose a problem ( i n  the  s imdlat ions  discussed i n  t h i s  
document) but is a l i t t l e  more d i f f i c u l t  than a pure V-bar p r o f i l e .  
Table I V  conta ins  s i m i l a r  data f o r  o the r  payloads. 
Because V-bar approaches am preferred frcr a f l i g h t  operations point  of view, 
the  out-of-plane simulations were i n i t i a t e d  on V - b a r .  a b l e  V contains  the re- 
s u l t s  of the  one-phase and tuo-phase flyaround techniques f o r  Sm retrieval 
a. . lyses.  Although the one-phase flyaround uses less propellant and less time, 
it relies m having data about t3e S k  o r i e n t a t i m  p r io r  to the  maneuver; if 
the data e r e  wrong, the GF might not be favorably or iented a t  the end of  the  op- 
erat ion.  Simulations i t d i c a t c  t h a t  the  two-phase flyaround w i l l  work even with 
no knowledfp of the Sm r o l l  angle. It w i l l  a l s o  work f o r  any beta angle. This 
method is general e n o w  to be used for re t r iev ing  a l l  i n e r t i a l l y  s t a b i l i z e d  
payloads. 
Tsble' V I  contairu 'imilar data for other  payloads. 
4.3 SIIRIUTION PLOTS 
data in f i g u r e  13 and 15 are fram the same irr-plane approach p ro f i l e ,  
consis t ing of a V-bar approach from 1000 f e e t  to 200 feet f o l l w e d  by an iner- 
tial approach f mm 200 f e e t  to grapple range. Figures 16 t o  19 preserlt similar 
data  for  an out-of-plane profi le :  a V-bar approach fia 1000 f e e t  t o  200 f e e t ,  
a two-phase flyaround and f i n a l l y  an i n e r t i a l  approach from 200 f e e t  t o  30 f e e t .  
Both prof i les  used the low-Z braking mode. 
Figures 13 and 16 are p lo t s  of ran* versus closing r a t e  of t h e  Orbi te r  r e l a t i v e  
t o  the ta rge t .  In f igure  13 the braking gates  are clear a t  600 feet, 300 feet, 
and 35 fee t .  I n  f igure  16 the a c t i v i t y  a t  200 feet indica tes  t h a t  t he  Orbi te r  
is no longer approaching the payload ( t h i s  is where the  flyaround occurs). 
A torque his tory char t  ( f i g .  14 and 17) shore the emulative torque impulse on 
the  payload caused by plume inpi.-pement, aerodynamic drag, and gravi ty  c a d i e n t  
e f f ec t s .  The nsmoothm contours of Zigure 14  ind ica te  t h a t  most o f  the  torque is 
caused by gravi ty w a d i e n t  and aerodynamic drag effects, uhereas the  nstepsn in 
f igure  17 correspond to plume disturbance because of Orbi ter  braking. 
Figures 15 and 18 giv? the time h is tory  of the ~ r o ~ e l l a n t  usage f o r  each pro- 
f i l e .  The sudden ve r t i ca l  r i s e s  correspond to braking maneuvers. The high pro- 
pe l lan t  consumption is due to +X braking. By looking a t  f igure  18 and knowing 
tha t  the flyaround occurred from 1s to 36 minutes i n t o  the  simulation, it can be 
determined that 700 oounds-mass of propellant are used. "FWDn and "AFT" refer 
to the forward and a f t  RCS tanks. 
FQure  19 gives a nthird-personn view looking down on the X-Y LVLH plane and 
c l ea r ly  shows the out-of-plane flyaround. 
5.0 Rsa>WmATIOlS AND Ci2NCLUSIOEIS 
For an  LVU s t ab i l i zed  payload the  following p r o f i l e  is recorended:  
a. V-bar approach from 1000 to  200 feet with Orbi te r  in LVLH hold 
b. In-plane maneuver to v isua l ly  acquire  GF ( if  necessary) 
c. Final  approach Fnw 200 t o  30 feet along line of  s igh t  to GF with Orbi te r  in  
LVU hold 
For an i n e r t i a l l y  s t a b i l i z e d  payload the  following p r o f i l e  is recommended: 
a.  V-bar approach froe 1000 feet t o  200 feet k i t h  Orbi ter  i~ LVLH hold 
b. %o-phase flyaround t o  v i sua l ly  acquire  the GF (if necessary) 
c. Final  approach f r a a  200 feet t o  30 feet along l i n e  of sight to GF with 
Orbi ter  i n  i n e r t i a l  hold 
Althou* the simulation data f o r  t h i s  document ind ica te  t h a t  these  techniques 
w i l l  m r k ,  man-in-loop simulation data  are still needed, espec ia l ly  for the  
flyarounds. F ina l ly ,  it is recamended t h a t  s t ud i e s  be i n i t i a t e d  to look a t  po- 
t e n t i a l  problems involving maneuvering the  Orbi te r  with an mstowed RHS. The 
maximum t r ans l a t i ona l  rates achieved are as high as 0.7 f p s  f o r  the  proposed 
maneuvers, and it is necessary t o  know if the arm can tolerate the  r e su l t i ng  
loads. 
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TABLE I1 .- DAP INPUTS 
DAP variables 
Function IUPO IAAO BODVP BODVY OMCRON 
LVLH hold on V-bar: -X 1 3 -180 0 0 
axis  +&wards Earth, +Z 
axis  along velocity vector 
LVLH hold on R-bar: +Z 
axis  towards Earth, +X 
axis  along velocity vector 
Flyaround i n  X-Y plane, 1 3 -180 
from ahead on V-bar to 
trail ing on V-bar 
Flyaround i n  X-Z plane, 1 3 
from ahead to trai l ing . 
on V-bar 
Inertial  hold 0 4 - - - 
TABLE 111.- IN-PLANE SIMULATION RESULTS FOR S M  
Orbiter S M  plume disturbance Orbiter  RCS 
P r o f i l e  no. braking Time, (abs. cum. ): X,Y ,Z propellant,  
Run no. Profile mode min l b - f t - s e e  lb-mass 
- -- - - - - - - 
V-bar Normal-Z 
Low-z 
V-bar/inertial  Normal-Z 
Low -2 
Low-z 
I n e r t i a l  Law-Z 
a Underlined numbers i n d i c a t e  SMM contro l  author i ty  exceeded. 
Run no. 48 is t h e  same as run no. 35 except  more e f f i c i e n t  braking schedule  and lower 
stat ionkeeping r a t e s  were used. 
Same braking schedule and stat ionkeeping r a t e s .  ' 
C
 
X \ m N \ 
e F b Q: 0 - m 0 L 
.
-
 
LC! 0 
TABLE V .- OUT-OF-PLANE SIMULATION RESULTS FOR SM4 
O r b i t e r  SM Plume disturbance Orbiter RCS 
Run braking Time, (abs.  cum.): X,Y ,Z propellant,  
no. Prof ile/flyaround type mode min lb-ft-sec lb-mass 
- - 
56 V-bar / 2  phase ( 1 80° 1 Low-Z 47 1,197 1 389 
5aa V-bar/2 phase ( 1 8 0 ~ )  Low-Z 45 1,196 1 129 
61 V-bar/2 phase (90' ) Low-Z 38 1,194 803 
59 V-bar/l phase (180') Low-Z 44 1,197 1 601 
63b V-bar/l phase (180°) Low-Z 45 1, I t 7  1 480 
I-' a RW no. 58 b the same a s  run no. 56 except that a more e f f i c i e n t  braking schedule used. 
rn Run no. 63 is the same as run no. 59 except that a more e f f i c i e n t  braking schedule used. 
TABLE V I  .- OUT-OF-PLANE SIMULATION RESULTS 
Run 
no. Payload Profi le  
Orbiter Plume disturbance Orbiter 
braking Time, (abs. cum. ) : X,Y ,Z RCS propellant 
mode min lb-ft-sec lb-mass 
101 Space Retrieval fYom 1000 feet in- Normal-Z 133 78, 634, 207 134/420/554 
telescope cluding 180° flyaround a t  
200 feet (plus 80 minutes of SK) 
102 Space 
telescope 


(In plane of paper) 
Orbiter 45. below plane of paper approaching 
along a vector located midway between SMM +Y 
and -Z axes (SMM X-Y plane in plane of paper) 
Figure 3 . -  Oeslred alinement prfor t o  grapple. 
Ff gure 4.- Local v e r t l c a l / l o c a l  horizontal coordinate  system. 
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.. 
DETERMINE RANGE AND 
RANGE RATE 
b 
h .. 
DETERMINE I'ANGE RATE 
L I M I T S  FOR CURRENT 
RANGE 
I S  RANGE RATE YES NO ACTION, 
' ACCEPTABLE FOR - RETURN 
CURRENT RANGE? 
NO 
L 9 
CALCULATE DEL' V . 
TO ACHIEVE DES*,,ED 
RATE 
M K E  THC DEFLECTIONS 
(+Z) 
L 
CROSS-AXIS LOGIC 
DETERMINE ANGLE BETWEEN 
PAYLOAD AND COAS V IEU 
AXIS  
J 
APPROACH-AXIS LOGIC 
Figure 6 . -  Paper p i l o t  loglc, 
NO ACTION, 
RE1 URN 
I J 
I S  PAYLOAD I N  COAS 
FIELD OF VIEW? 
, YES , 
NO 
+ I 
C 
I S  PAYLOAD ! W I N G  
INTO COAS F IELD OF 
VIEW? 
I 
NO 
MAKE THC DEFLECTION 
(2.x *+V) 
t L 
YES 
L ' 
NO ACTION, 
RETURN 
1 V-bar a1 1 the way to grapple 
2 V-bar to 200 f t  and then 
inertial (in-pi ane) to grapple 
3 Inertial (in-plane) all the 
way to grapple 
4 R-bar all the way to grapple 
5 R-bar to 200 f t  and then inertial 
(in-plane) to grapple 
Fisure 7 .  - In-plane approach profiles. 

@ A t  200 ft begin pitch maneuver to i n i t i a t e  flyaround 
@ Visually acquire GF and a1 ine Orbiter and SMM 
Approach along line-of-sight t o  30 ft 
Figure 9.- Flyaround and f i n a l  approach for  GF i n  orbital  plane, 
Orbiter  
Orbi ter  i n  LVLH hold with 
- X  axis  pointed a t  center 
of Earth; PL pointed a t  
Sun. 
Phase 1 - A1 I ne cX-axf s 
o f  Orbi ter  w i t h  +X-axls 
o f  PL 
Phase 2 - Roll  Orbi ter  and 
perform f 1 yaround keeping 
Orbi ter  X-axis f i x e d  i n  
I n e r t i a l  space 
Figure 10.- Two-phase f lyazound. 
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Figure 16.- Approach chart (out-of-plane proF.; le).  
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